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ABSTRACT 


The  program  was  divided  into  three  tasks  within  the  general  topic  of 
‘li.crcstructure  effects  on  the  properties  of  polycrystal.iin.e  ceramic;-, , 

■further  modifications  wCie  made  In  the  pres,-  forging  of  three-incii  Ajo'i; 
nemispher^s  to  eliminate  cracking  and  surface  reaction. and  i't-t  maintain 
optical  transmission  resulting  from  crystallographic  texture  and  high, 
density.  Further  forgings  of  Sl^Kj^  were  conducted.  Process  modifications 
resulted  in  densities  of  over  98lb  with  little  or  no  edge  cracking,  ftrength 
of  forged  materials  were  near  those  expected  for  good  hot  pressed  material. 

Three  additional  Al^O^  powders  were  Investigated  in  the  continuing 
effort  to  identify  and  etiminate  strength,  limitii-ig  fD.avs  in  hot  pressed 
A1..,0.,.  An  In-house  screening  treatment  was  found  to  remove  some  of  thiC 
worst  flaws  and  to  increase  the  average  strength.  The  predominant  flaws 
rou.nd  were  large  grain  sice  tones  and  particulate  inclusions.  Fructo- 
graphy  allowed  identification  of  flaw  sizes  in  some  cases.  These  vere 
typically  much  larger  than  the  average  grain  size.  Analysis  indicated  that, 
such  flaws  can  lead  to  non-zero  origins  on  Fetch  plots  of  strength -gr/u  i'. 
size;  this  provides  an  alternative  explanation  to  microplastic  frur’t'urt.; 
initiation  in  terms  of  process  related  large  flaws.  Fracture  suriaco 
energies  calculated  from  the  Indicated  flaw  size  -were  much  cDo.-.er  to  tlio.  e 
directly  measured  for  single  crystals  than  for  polycry,.’talli:.e  nntcria] . 

Measurements  of  the  solubility  of  carbon  In  v;crc  niufis  aftcx- 

ar-.ncallng  in  CO  and  COp.  The  results  indicated  the  carbon  content  frcai 
gas  solubility  to  be  below  100  ppm  at  l60C°  -  1T00°C  ai.d  so  less  than 
that  often  measured  in  hot  pressed  Al^Oj  bodies. 
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I .  INTRODUCTION 
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Thio  program  has  been  concerned  with  the  effect  of  fabrication  and 
microctructural  and  chemical  variables  on  physico-mechanical  properties 
of  ceramics.  Three  areas  have  been  studied  separately,  although  there  are 
important  interrelations  between  the  areas.  Studies  to  identify  the  origin 
of  flaws  and  the  effect  of  such  flaws  on  the  strength  of  hot  pressed  Al2Uj 
nave  continued  with  Investigation  of  three  additional  AlpO?  powders  and 
billets  made  from  them.  In-house  processing  techniques  were  used  to  reduce 
flaws  and  so  to  increase  the  strength  of  AI2O2.  Mechanical  strengtii  tests 
and  fractography  have  been  correlated  with  anaD.ysic  of  the  pow^der  in  this 
effort.  Studies  on  hot  forging  of  both  AloO^  and  Si^Nj^  have  also  been 
continued.  Processing  modifications  to  eliminate  cracking  and  reaction 
during  forging  of  AI2O2  hemispheres  were  investigated.  Forging  of  Si^Nj^^, 
indicated  previously  to  be  feasible,  v&s  further  investigated  to  determine 
the  proper  forging  conditions;  strengths  were  also  measured  to  indicate 
the  effects  of  forging.  Finally,  the  considerations  of  the  effects  of  gaseous 
impurities  on  hot  pressed  AI2O0  started  last  year  vrere  extended  with  measure- 
monia  of  the  solubility  of  carbon  in  AI2O3  after  controlled  annealing  in 
CO  and  COp. 

II.  FLAWS  IN  ALIMEKA  AND  THEIR  EFFECT  ON  STRENGTH 


A.  General 

A  number  of  years  ago  Pears  and  Starrett^  examined  the  applicability 
of  the  Weibull  statistical  strength  analysis  to  hot  pressed  AI2O,  produced 
by  this  laboratory.  In  general,  the  strength  decreased  with  incfeased 
specimen  volume  in  the  general  \ray  expected  by  a  statistical  distribution  of 
flaws  and  flaw  sizes,  but  no  single  set  of  Weibull  constants  was  found. 

Many  of  the  specimens  contained  microscopic  flaws  from  1  to  50  grain  dia¬ 
meters,  while  others  appeared  generally  free  of  flaws  larger  than  the  average 
grain  size.  An  attempt  was  made  to  segregate  specimens  with  obvious  flaws, 
but  this  did  not  prove  completely  successful  judging  from  the  inability  to 
find  a  single  set  of  Weibull  constants.  In  the  last  two  years  this  program 
has  considered  carefully  the  source  and  effect  of  flaws  in  hot  pressed 
Al20n.2^>S  It  has  been  found  that  the  three  powder  sources  normally  employed 
in  producing  hot  pressed  AI2O3  all  contain  particulate  impurities  which 
contributed  to  flaws  found  randomly  in  polished  structures  and  predominantly 
at  fracture  origins  in  tested  specimens.  Undoubtedly  some  of  the  observed 
flaws  were  introduced  by  processing  errors,  although  it  was  not  possible  to 
establish  the  relative  distribution  of  the  two  sources  of  flaws.  Nearly  70^ 
of  the  tested  specimens  contained  a  readily  observed  flaw  at  the  fracture 
origin.  Obviously  such  results  have  a  direct  bearing  on  the  work  of  Fear;; 
and  Starrett.  Further,  these  results  suggest  that  many  previous  attempts  to 
relate  strength  and  "average"  microstructure  suffer  from  a  high  incidence  of 
flaw  initiated  fractures  where  the  flaw  size  is  significantly  larger  than 
the  grain  or  pore  size. 

The  present  effort  considered  three  new  non-sulfate  derived  powders 
to  determine  if  another  powder  process  was  inherently  cleaner,  and  what 
effects  this  would  have  on  strength  properties.  Further,  one  of  the  standard 
grades  of  hot  pressing  powder  was  treated  to  remove  a  large  fraction  of  the 
particulate  impurities,  and  the  effect  of  this  step  on  strength  was  measured. 
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B.  Powder  Characterization 

2 

Previous  reports  dealt  with  characterization  of  three  alum  derived 
powders  identified  as  "Vendors  I,  H,  and  III."  A  lot  of  treated  Vendor  II 
powder  was  Included  in  the  present  stvidy,  thus  the  powder  characteristics 
will  be  repeated.  The  new  powder  lots  will  have  designations,  commencing 
with  Vendor  IV.  The  salient  properties  of  the  powders  are  listed  in  Table  I. 

Powder  morphology  was  examined  by  electron  microscopy  techniques. 
Figure  1  illustrates  typical  characteristics  for  Vendor  IV  powder.  The  powder  is 
considered  to  be  moderately  agglomerated.  Figure  lb  illustrates  a  typical 
range  of  crystallite  sizes  from  0.1  to  1  ^  with  an  average  of  about  0.4  ym. 
Porosity  within  crystallites  is  shown  in  Figure  lb  and  in  greater  detail 
in  Figure  Ic.  The  cause  of  this  500  a  porosity  is  open  to  speculation,  but 
the  effect  is  certainly  undesirable  if  they  are  not  annihilated  before 
significant  grain  growth  occurs.  This  latter  condition  would,  of  course, 
result  in  pore  entrapment  within  grains  and  an  inability  to  reach  high 
density. 


Figure  2  illustrates  the  morphology  of  Vendor  V  powder.  A  high 
degree  of  agglomeration  is  observed  together  with  four  distinct  crystallite 
morphologies;  cubes,  rods,  spheres,  and  fine,  nearly  spherical  crystallites 
with  considerable  neck  growth.  This  suggests  a  very  unusual  path  for  forma¬ 
tion  and  growth,  certainly  not  the  normal  nucleatlon  and  growth  jjrocess 
where  a  log  normal  distribution  of  crystallite  size  is  expected.  X-ray 
analysis  of  this  powder  identified  delta  and  possibly  theta  in  addition  to 
the  expected  alpha  AI2O0.  Some  cf  the  finer  crystallite  morphologies  may 
be  associated  with  the  transitional  phases. 

Figure  3  shows  the  results  of  the  powder  analysis  of  Vendor  VI 
powder.  The  crystallite  size  distribution  and  identification  has  been 
thoroughly  investigated.  2h  Briefly,  it  was  found  by  a  combination  of 
selected  area  electron  diffraction,  quantitative  analysis  of  electron  micro¬ 
graphs,  and  quantitative  X-ray  diffraction  that  the  fine  crystallites 
representing  42  w/o  of  the  sample  were  transitional  AI2O0  phases  and  had  a 
mean  crystallite  size  of  240  A^  The  remaining  phase  was'^  with  a 

mean  crystallite  size  of  1500  A.  Within  each  phase  the  size  distribution 
was  log  normal.  The  discontinuity  in  peurticle  sizes  between  the  phases 
suggested  that  the  phase  transition  was  accompanied  by  accelerated  growth 
kinetics. 


The  powder  morphology  of  alum  derived  AI2O2  has  been  reported 
extensively, 2  but  it  is  shown  in  Figure  4  for  comparative  purposes.  The 
small  crystallites  are  transitional  AlpO^  phase,  whereas  the  larger  crystall¬ 
ites  axe  o<Al20o.  Considerable  neck  rOTOBtlon  is  evident  for  the  dCAl203 
particles,  and  the  morphology  is  very  similar  to  the  Vendor  VI  powder. 

These  were  the  only  two  powders  of  eJJ.  the  AI2O2  powders  examined  which 
exhibited  similar  morphology  for  different  precursors.  This  observation 
was  not  pursued  further,  but  certainly  warrants  a  detailed  investigation. 


Several  of  the  alum  derived  powders  were  subjected  to  a  detailed 
quantitative  particulate  imp\a:lty  analysis. 8  The  first  technique  consist¬ 
ed  of  surveying  3  gms  of  powder  from  a  previously  unopened  container  under 


Fig'ore  1,  v'';ndor  IV  A 
rcorphciory, 


(a)  af;^glcimcrate 
(i  (;j)  porosity 


68?ui  (b)  3o,ocox 

Figure  3*  Vendor  VI  Powder  Showing  (a)  agglomerate  structure,  and 
(b)  cryGtallite  morphology. 


6807U 


(a) 


1500X 


Figure  4 


671003  (l>)  30,OOOX 

•  Mum  Derived  Vendor  II  I’ovder  Oliovring  (a)  agglomerate  structure, 
and  (b)  crystallite  morri'ology . 
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an  optical  stereomlcroscope  at  10  to  45  X-  In  the  original  lot  of  Vendor  II 
powder,  28  non-aiumina  particulate  impurities  were  found  which  translates  to 
37  partlcles/cra3  or  one  every  0.3  cm  in  a  high  density  consolidated  structure. 
The  second  technique  consisted  of  preparing  a  slurry  in  a  hallow  dish,  dry¬ 
ing,  and  examining  a  2  by  2  inch  square  area  with  the  dish  upside  down  using 
bottom  lighting.  After  accounting  for  the  density  and  depth  of  focus,  analy¬ 
sis  of  Vendor  II  powder  gave  294  particles/cm^  or  one  every  0.15  cm.  Thus, 

It  can  be  seen  that  the  two  techniques  gave  results  that  differed  by  about  a 
factor  of  ten  in  number  p.2r  cm^,  hut  only  a  factor  of  two  in  spacing.  T:ie 
first  technique  undoubtedly  underestimates  the  imp\u'ity  concentration  as 
particles  can  be  overlooked  or  camouflaged  in  a  sujrvey,  and  it  is  concluded 
that  the  more  tedious  slurry  technique  is  more  accurate.  The  current  program, 
however,  employed  mainly  the  first  or  survey  technique.  Tlie  results  are 

given  In  Table  II .  The  Vendor  II  results  are  quoted  from  the  previous 
results. ^6  The  treatment  of  this  powder  was  apparently  successful  in  remov¬ 
ing  all  but  the  fiber  impurities  (Figure  5a).  Only  one  5-20  pun  black 
particulate  along  with  one  organic  appearing  fiber  was  found  in  Venaor  IV 
powder.  No  Impurities  were  found  In  a  survey  of  Vendor  V  powder.  The 
specific  lot  of  powder  employed  in  making  samples  for  this  current  effort 
was  exhausted  in  sample  fabrication,  so  another  lot  of  the  same  grade  was 
surveyed  for  foreign  particulate  impurities  to  gain  a  level  of  incidence 
experience  with  the  manufacturing  process.  Vendor  VI  powder  contained 
black  particulates  which  had  a  carbon-like  appearance  (Figure  5b).  Although 
this  again  is  a  substitute  powder  lot,  the  analysis  is  thought  to  be  applic¬ 
able  to  the  actual  lot  used  to  fabricate  Vendor  VI  samples  as  earlier  work^^ 
had  identified  800  ppra  C  by  a  fusion  technique. 

C.  Consolidation 

vendor  II,  IV,  and  V  powders  were  consolidated  by  standard  ambient 
atmosphere  pressing  techniques  while  the  Vendor  VI  powder  was  pressed  in  a 
significantly  higher  pressure  i^gime  in  vacuum.  In  addition,  the  Vendor  VI 
powder  had  no  grain  growth  additive.  The  pressing  conditions  and  results 
are  listed  in  Table  III.  Additives  were  introduced  by  vet  milling  in  a 
high  pu-^lty  Al^O-^  mill  for  16  hours.  After  drying,  the  powder  was  sieved 
through  either  brass  or  a  nylon  screen,  flightly  different  conditions  were 
employed  for  the  three  ambient  pressings,  hut  all  three  powders  were  judged 
to  be  very  active  and  quite  suitable  for  hot  pressing.  Undoubtedly  the  hot 
pressing  conditions  could  be  optimized  with  further  consolidation  experiments. 
The  grain  sizes  and  relative  ranking  are  consistent  with  the  thermal  cycles 
employed  and  certainly  within  the  range  of  expected  sizes  for  hot  pressed 
AI2O3. 

The  handling  of  Vendor  VI  powder  was  minimized  by  eliminating  the 
normal  grain  growth  controlllrg  addition.  Also,  glove  box  procedures  were 
employed  in  the  die  loading  to  minimize  the  chance  of  contamination.  The 
pressing  cycle  was  worked  out  after  many  trials  to  maximize  density  and 
minimize  grain  size.  The  use  of  high  strength  POCO  dies  makes  this  possible 
without  employing  grain  growth  inhibitors.  Unlike  most  other  pressed  AloO-, 
the  product  was  white  and  translucent.  Pressing  1417  represents  near  optimum 
consolidation  conditions  with  u  grain  size  of  1.25  ym.  The  three  remaining 
pressings  with  this  powder  (1326,  1331,  13?7)  were  given  a  50  minute 

longer  thermal  cycle  which  resulted  In  grain  growth  to  4.8  pn.  Te^ts  with 
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these  samples  ver«  separated  into  two  groups  according  to  grain  size. 

The  microstructure  of  Billet  1007  fabricated  vith  treated  Vendor  II 
powder  is  illustrated  in  Figure  b.  Little  or  no  porosity  '^as  observed  on 
Jthe  as-polished  surface.  As  illustrated  In  Figure  6b,  an  equiaxed  grain 
structure  was  observed.  Figure  7  illustrates  the  only  flaws  foand  in  the 
microstructural  examination.  These  have  not  been  ideiitified,  but  could  be 
either  seco-  '  phase  inclusions  or  high  porosity  pockets. 

The  nlcrostructure  of  Billet  D19t0  fabricated  with  the  Vendor  IV 
powder  is  illustrated  in  Figure  6.  A  number  of  polishing  scratches  are 
apparent  in  Figure  8a,  but  basically  a  dense  Al20^  stris'ture  war,  observed. 
Small  high  reflectivity  second  phase  particles  ai^  also  apparent  in  thi  ■ 
micrograph.  The  sample  was  slightly  over-etched,  but  it  i-  possible  to 
state  that  a  very  fine  equiaxed  grain  structure  war.  achieved.  Attention  has 
been  called  to  the  second  phase  particles  in  Figure  8.  potentially  more 
serious  defects  are  illustrated  in  Figure  9*  The  defect  in  Figure  93-  Ir 
1000  pm  long  and  that  in  Figure  9b  is  500  pm  long.  Also,  there  is  the 
possibility  that  they  have  not  been  sectioned  at  their  r.idpolnt,  r.o  the 
critical  dimension  may  be  even  longer.  The  defect  in  Figure  %  appears  to 
Include  some  second  phase  interaction  phases  r.uggesting  an  inorganic  origin. 
It  is  possible,  however,  that  the  defect  resulted  from  an  organic  fiber 
which  carbonized  and  reacted  during  hot  pressing.  The  defect  in  Figure  9b 
is  a  lenticular  shaped  void  with  a  partial  ring  of  pores.  The  structure 
was  thought  to  arise  from  volatilization  of  some  impurity  species.  There  is 
no  evidence  for  chemical  interactions  resulting  in  second  phases  which 
suggests  that  the  impurity  could  bo  organic  in  nature. 

The  microstructure  of  Billet  D1907  fabricated  with  the  Vendor  V 
powder  is  Illustrated  in  Figure  10.  The  high  density  of  the  structure  is-, 
confirmed  in  Figure  10a.  The  grain  structure  illustrated  in  Figure  10b  is. 
equiaxed  and  apparently  free  of  entrapped  porosity.  Some  tendency  for 
exaggerated  grain  growtn  was  present,  but  it  was  Judged  to  be  approximately 
equivalent  to  many  of  the  structures  observed  for  billets  fabricated  from 
alum  derived  powder.  Figure  10a  also  illustrates  the  presence  of  particulate 
second  phase  impurities  which  are  shown  at  higher  magnification  in  Figure  11. 
Figure  11a  shows  a  cluster  of  the  second  pha.se  particles  as  well  as  a  dozen 
or  so  particles  scattered  throughout  the  structure.  Figure  11b  illustrates 
a  Uo  second  phase  particle  which,  based  on  reflectivity,  appears  similar 
to  those  of  Figure  11a.  Based  on  the  dark  recessed  region  surrounding  tb.e 
central  white  spot,  the  phase  appears  softer  than  the  matrix  AI2O3. 

Attempts  to  measure  hardness  were  largely  unsuccessful  due  to  the  small 
inclusion  size.  However,  hardness  Indentations  were  larger  than  those  in 
the  matrix.  This  certainly  suggests  that  the  inclusions  are  metallic.  A 
microprobe  analysis  was  conducted  on  one  of  these  inclusions  with  the  results 
of  accumulative  counting  shown  in  Figure  12.  Cu  and  Zn  were  identified 
which  suggests  that  this  sample  was  contaminated  with  biass.  Since  tl;e 
powder  was  screened  through  a  brass  screen  at  one  point  in  the  Avco  fabrica¬ 
tion  process,  this  process  step  is  the  most  logical  source  of  the  observed 
contamination.  This  conclusion  is  supported  by  the  fact  that  no  pvirticulate 
contamination  was  found  in  the  Vendor  V  powder  analysis  (Table  II ). 
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The  microstructure  of  Billet  lUlT  fabricated  with  Vendor  VI  powder 
Is  Illustrated  in  Figure  I3.  The  as-polished  structure  was  for  the  most 
part  dense  and  uniform  (the  polishing  scratches  make  this  somewhat  diffi¬ 
cult  to  discern).  The  replica  of  the  fractured  surface  (Fig'ure  13b) 
reveals  a  somewhat  finer  grain  size  than  any  of  the  other  billets  tested 
vhich  verified  that  the  absence  of  grain  growth  inhibitor  can  be  offset  by 
a  reduction  in  the  thermal  cycle.  Figure  14  illustrates  two  types  of 
defects  found  in  this  billet;  a  zone  of  higher  than  normal  porosity,  and 
a  30  ^ura  particulate  inclusion.  These  were  typical  defects  and  were 
repeated  in  the  section  examined.  The  zones  of  high  porosity  also  are  fine 
grained  as  the  high  pore  concentration  retards  grain  growth.  This  high 
poroslty/flne  grain  size  defect  is  thought  to  be  a  pocket  where  agglomerate 
bridging  has  prevented  adequate  particle  contact  for  solid  state  diffusion 
and  sintering.  There  was  no  evidence  that  this  defect  has  a  chemical  origin. 
Billets  1326,  1331,  and  1337,  also  fabricated  from  Vendor  VI  powder,  were 
very  similar  to  the  billet  illustrated  except  for  the  larger  grain  size. 

Also  noted  In  several  of  the  billets  (1940,  1326,  1331,  1337, 
were  defects  called  spherical  shade  zones.  These  defects  contained  no 
obvious  inclusions  as  detailed  by  optical  microscopy  and  were  of  several 
shadings  relative  to  the  matrix:  light  color  spheres  with  no  distinct 
boundary,  dark  color  spheres  with  no  distinct  boundary,  and  light  spheres 
with  a  distinct  ring  and  halo  effect.  Most  often  they  blend  with  the  matrix 
when  observed  at  high  magnification  in  reflected  light.  It  is  judged  that 
this  type  of  defect  arises  from  process  related  problems  such  as  the  forma¬ 
tion  of  a  large  agglomerate  bridge  which  fails  to  break  up  during  ball 
milling  or  the  addition  of  the  grain  growth  Inhibitor. 

Another  type  of  defect  (not  specifically  illustrated  by  a  micro¬ 
graph)  is  exaggerated  grain  growth,  and  this  may  be  one  of  the  more  prominent 
defects  in  hot  pressed  Al20n.  Clusters  of  20-30  ^  grains  have  been  found^S 
and  grains  half  this  size  could  still  act  as  defects  from  a  strength  view¬ 
point.  Such  defects  could  arise  from  Inadequate  mixing  of  the  grain  growth 
inhibitor,  impurity  promotion  of  grain  growth,  inclusion  of  a  large  AlgO^ 
grain  in  the  powder,  or  perhaps  Just  the  statistical  fluctuation  of  grain 
growth  leading  to  the  discontinuous  process. 

D.  Transverse  Bend  Strength  and  Flaw  Analysis 

Strength  measurements  were  conducted  in  four  point  bending  in 
ambient  air  with  a  relative  humidity  of  'v  55^  and  in  a  dry  environment. 

This  environment  was  achieved  by  heating  the  bend  specimen  to  Q00°C  in 
vacuum,  cooling  to  room  temperature,  and  backfilling  with  argon  prior  to 
performing  the  test.  The  strain  rate  employ'ed  in  testing  was  7  x  10"5  sec'^. 
The  final  finish  on  the  specimen  surface  was  obtained  with  a  400  grit  wheel 
with  the  grinding  direction  parallel  to  the  specimen  axis. 

All  testing  was  conducted  in  a  ball  bearing  and  stainless  steel 
test  fixture  designed  to  reduce  knife  edge  concentration  and  frictional 
effects.  Consideration  was  also  given  to  the  shifting  of  the  point  of 
tangency  at  the  load  and  support  points.  Vrocman  and  Ritter^  have  shcr./n 
this  to  be  a  serious  protxem  at  high  deflections,  requiring  a  numerical 
analysis  to  obtain  conrected  stresses.  The  error  in  stress  for  the  fixture 
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employed  was  calculated  to  be  0.02^lli  at  100,000  psi.  At  thir.  level  and 
with  the  standard  deviations  usually  found  in  AI2O:,  testing,  it  va-.;  consider¬ 
ed  unnecessary  to  employ  the  numerical  analysis,  shand^  ha.-  di;.cu;  ed  th^ 
interpretation  of  fracture  features  on  glass  including  the  mirror  region  of 
smooth  crack  extension  from  a  flaw,  crack  branching,  and  inLeraction  of  the 
crack  front  with  stress  waves  reflected  from  nearby  surface:-  to  foi-m  Wul  iner 
lines.  Kirchner  et  al^  recently  demonstrated  that  there  regior.  ■  may  be 
identified  in  polycrystalline  AI2O2  and  are  useful  In  some  care.;  to  find 
the  fracture  origin.  Further,  fracture  origins  could  be  located  in  reveral 
of  their  bars.  Similar  techniques  were  e.iployed  in  thi:-  .'■tudy. 

Bend  strengths  are  reported  in  Table  IV  along  with  the  rc.:ult..  of 
a  detailed  flaw  analysis  employing  a  combination  of  stereo  and  reflected 
light  microscopy  techniques.  A  number  of  samples  were  examined  Vr/  .canning 
electron  microscopy  where  defects  could  not  be  positively  identified  by 
optical  microscopy.  However,  even  with  this  higher  magnification  examina¬ 
tion,  uncertainty  exists  as  to  the  origin  of  a  number  of  fractures.  Thie¬ 
ls  Indicated  in  Table  IV.  The  entire  flaw  analysis  i.s  summarised  in  Table  V. 
In  several  cases  where  uncertainty  in  the  flaw  origin  existed,  an  arbitrary 
selection  was  made.  Billet  10C7  exhibited  a  low  r-ercentagt  of  uefects  at 
fracture  origins  compared  with  other  billets  testcL.  in  thi.-  period  ai.i 
previously. 6  Also,  the  average  fracture  strength  -war.  'wi',  Kp.  1  i.igher 
than  other  billets  fabricated  with  alum  derived  powder.  Exaggerated  grain 
growth  was  the  dominant  flaw.  However,  the  .size  of  the  larger  grains  wa  - 
not  markedly  greater  than  the  matrix.  This  undoubtedly  accounts  for  the 
closeness  of  the  average  strength  for  the  flawed  and  unf laved  group:  . 

Figure  15  illustrated  the  flaw  and  fracture  origin  of  a  specimen  originally 
in  an  "uncertain"  category.  This  series  of  micrographs  clearly  reveal  an 
unusual  20  ^  long  rod  (or  plate)  shaped  grain  along  with  several  .-.mailer 
but  similarly  shaped  grains.  This  structure  is  not  typical  of  exaggerated 
grain  growth  in  AI2O2,  thus  It  was  concluded  that  the  rod  grains  -were  either 
an  impurity  inclusion  or  AloO^  grain  development  caused  by  an  imp'urity. 

The  major  defect  In  this  billet  was  exaggerated  grains.  This  may  reuu''-^ 
from  one  of  several  causes;  l)  the  statistics  of  secondary  grain  gro-wth, 

2)  i-complete  distribution  of  the  grain  growth  Inhibitor,  or  •')  solid 
tion  or  fine  particulate  impurity  phases  which  pronote  grain  gro-rth.  If 
either  (l)  or  (3)  are  the  cause  of  this  growth,  the  chancer  of  correcting 
the  defect  using  secondary  powder  processing  is  poor.  Cau.^e  could  be 
corrected  through  Improved  mixing  of  the  grain  growth  inhibitor.  It  i.- 
clear  that  the  powder  handling  techniques  instituted  re.sulted  in  a  .signifi¬ 
cant  Improvement  over  employing  "as-received"  powder  from  the  rame  vender.'^' 

The  Bayer  process  powder  from  Vendor  IV  resulted  in  the  lcrwe;:t 
strength  billet  studied  In  recent  years. ^  This  would  not  have  been  pre¬ 
dicted  based  on  the  average  raicrostructure.  However,  a  micro.structural 
analysis  for  flaws  did  reveal  problems  (Figure  9).  The  same  defect  t^q.-e 
found  in  the  mlcrostructiural  analysis  was  found  at  two  fi-acture  origin-:  in 
the  bend  specimen.  Figure  16  Illustrates  this  in  specimen  IQUo-j.  r' Nearly, 
volume  flaws  can  cause  fracture  in  AloO^.  This  flaw  was  appro.ximate.-.y  o?  pi 
below  the  tensile  surface.  The  nominal  stress  at  this  level  i.-  ibb  5  Ksl, 
some  2.7  Ksi  below  the  calculated  outer  fiber  stress.  Tills  lenticular 
defect  probably  develops  during  evaporation  of  an  impurity.  Clearly, 
material  with  this  large  a  defect  would  be  unacceptable  for  mo:  t  :.tru'--tural 
applications . 
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Powder  Vendor, 

Specljaen,  and  Bend  Strength 

Test  Condition  Kpsl 


Four  out  of  the  ueven  Vendor  V-19t)('  bend  .'■pecimen;'  had  particulate 
impurities  at  fracture  origins.  Particulate  impuritie;'-  vere  observed  dui’ing 
the  general  mlcrontructural  analysis  and  wen?  decoriied  a.i  .;oft  metallic 
braes  inclusions.  Figure  If  illustratej  a  f.h'M  study  of  sample  ;y07-'j. 

The  flaw  structure  is  a  pit  with  an  associated  multlgraln  particle  at  a 
higher  elevation  than  the  plane  of  the  fracture  surface  (confintieJ  by 
examining  a  stereo-pair).  The  structure  of  the  raised  jiarticle  is-  different 
than  the  matrix  ai;d  several  of  the  grains  are  elongated  and  have  lines  tiiut 
could  be  slip  lines.  The  results  of  a  microprobe  analysis  of  this  Jefeet 
are  shownn  in  Figure  lb.  The  two  scanning  views  (Figures.  .l8u  and  iSd)  clearly 
sho^.,’  the  presence  of  a  heavy  element  in  the  defect  area.  The  .  econdary 
emission  maps  and  accumulative  counting  trace  clearly  s^herw  the  defect  to  be 
mainly  Cu  associated  with  what  looks  like  discrete  Ke  ric!.  j'urticles.  It 
is  important  to  note  ti:at  A1  is  ab.sent  in  this.  area.  One  pi'el  inlnary  view 
van  that  unreacted  A1  was  present  in  this  powder.  Ttiis  view  was  never 
substantiated.  The  apparent  r>i?.e  of  the  defect  area  is  somewhat  s.urprisin,; 
when  comparinf  "Igures  1/  and  1B.  Th.ere  i.-,  .var.e  .‘■.oatteriiu’'  wbiicb.  give.,  ttie 
Impre.s.sion  of  n  larger  contaminated  area  than  actuaJly  pre.:ent:  fio-v.-ever, 
the  conclusion  must  be  reached  that  the  contamination  extends,  to  an  area  t>; 
the  sice  of  pit  and  particle  shown  in  Figure  17o.  Tlii..  type  of  defect  wu.' 
the  dcmlnar.t  strength  limiting  defect  In  this  material.  Given  the  high 
incidence  of  particulate  impurities  in  this  billet,  tr.e  rather  high:  7d.  K'  i 
average  strength  is  surprising.  This  su,;gests  that  thi.:  method  of  j'Owrtei’ 
manufacture  hold.-:  considerable  proniis.e  for  producing  I’.igl:  strength  structural 
.AlpCu  given  a  clean  in-house  procem-lng  operation. 

The  high  purity  u.ndcpcd  AI2O3  billets  from  Vendor  VI  po-der  e.diibited 
a  streugth/grain  sice  relation  in  the  order  expected  under  ambient  te.-t 
conditions.  The  1.25  pm  grain  size  billet  (l^ilT)  had  about  I6  Kpsi  higher 
strength  than  the  1+.8  yum  grain  size  blllet.s  (1526  and  13'il),  wlmch  certainly 
appears  reasonable  for  grain  size  ocntrolled  .itrength.  It  1;=  intere.nting 
to  note  that  the  strength  for  specimen  1417-j  was  reduced  to  the  level  of 
specimens  1326  and  1331  and  a  large  grain  of  about  10 yum  v.as.  found  at  the 
fracture  origin.  The  flaw  ar.alysi.*  demona^trated  that  this,  perwder  had  some 
incidence  of  flaw  origins  from  particulates.  Figure  19  sh.ows  the  re, suits  of 
an  SEI<1  study  on  specimen  13,31-1  which  fractured  at  97.9  .kp.:i  in  a  dry  environ¬ 
ment,  The  hole  is  28  pm  below  the  surface  and  has  a  diameter  of  y.ur,. 

The  grain  structure  near  the  .cole  is  somewhat  larger  tl'.ar:  the  matrix,  suggest¬ 
ing  that  an  impurity  particle  melted  during  consolidation,  aiffu.ed  into  the 
surrounding  structure,  and  affected  grain  growti.  in  thi.'  region.  Flav.s.  were 
not  foLir.d  at  the  fracture  origins  of  many  spedme.ns.  A  second  s'.pecimer. 
from  Vendor  VI  powder  examined  by  SEM  was  1337-3,  B.".5  Fps.i  specimen  fractured 
in  argon.  Figure  20  shows  the  entire  fracture  surface  and  fracture  origin. 

A  careful  examination  of  this  entire  zotie  failed  to  fi:;!  any  obviou::  flaw, 
Figure  20b.  The  structure  near  the  surface  -was  .ludged  to  be  tran  .granular 
fracture  rather  than  a  large  grain.  The  low  incidence  of  impurity  fiuws  in 
these  Vendor  VI  specimen?  was  undoubtedly  due  in  part  to  the  purchase  of  a 
high  purity  powder  and  care  in  l.andling. 

E.  PlGcusrion 

Micro.scopy  demon.strated  that  alum  a.id  nitrate  derlveri  powder  .had 
quite  similar  powder  morphologies.  This  su.^gests  th.at  the  ■jecotnrc.mtion 
route  and  phase  transition;;  through  tb.e  traiisitior.ul  Al^o,  j.i.a  e.-  urc 
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similar.  This  would  be  an  extremely  Interesting  study  from  the  mechanistic 
^viewpoint.  This  similarity  also  suggests  that  highly  active  powders  can  be 
derived  through  a  nitrate  route  rather  than  the  more  traditional  alum  route. 
This  could  eliminate  the  problems  associated  with  retained  t. 

When  Vendor  II  powder  was  processed  In  the  "as -received"  condition, 
the  average  bend  strength  was  62.3  Kpsi  and  6  out  of  8  bars  had  induslonr: 
as  fracture  origins. ^6  A  special  powder  treatment  to  remove  impuritie;-, 
resulted  In  a  billet  with  an  average  strength  of  76.7  Kpsi  and  3  out  of  9 
bars  with  obvious  defects  as  fracture  origins.  Since  the  in-house  process¬ 
ing  remained  constant,  this  result  is  interpreted  ar  strong  evidence  for 
strength  limiting  impurities  being  present  in  the  "as-received”  Vendor  II 
powder . 


The  results  for  Vendor  V  powder  are  interpreted  quite  differently. 
In  this  case  the  por^der  analysis  failed  to  reveal  particulate  impurities. 
However,  the  microstructure  and  fracture  origins  both  showed  the  presence 
of  a  brass  inclusion.  Thus,  in  this  case,  it  was  Judged  that  the  powder 
was  clean,  but  process  errors  Introduced  strength  limiting  defects.  It 
is  interesting  and  perhaps  significant  that  the  average  strength  of  this 
material  (78.3  Kpsi)  was  very  close  to  that  for  the  treated  Vendor  II 
material  (76.7  Kpsi).  It  is  possible  that  the  strength  of  the  treated 
Vendor  II  billet  (1007)  is  now  limited  by  process  limitations.  This  state¬ 
ment  is  highly  speculative  as  flaws  were  found  in  only  3  out  of  9  fracture 
origins. 


The  Bayer  derived  powder,  Vendor  IV,  although  it  appeared  accept¬ 
able  in  a  microscopic  examination  and  an  examination  for  particulate 
impurities,  clearly  gave  an  inferior  hot  pressed  product.  The  cause  of 
this  was  not  traced  down  in  detail.  It  is  suspected,  however,  that  color¬ 
less  particulate  impurities  were  present  in  the  powder.  During  hot  press¬ 
ing  a  ccmblnation  of  reaction  and  volatilization  gave  some  very  large  lentic¬ 
ular  flaws. 

Further  support  for  the  relationship  between  strength  and  powder 
purity  came  from  the  high  average  strength  (80.4  Kpsi)  for  Vendor  VI 
powder.  This  powder  was  purchased  as  a  99-9995^  AlpO-^  grade,  ,-,o  It 
undoubtedly  received  special  attention  for  cleanliness  in  the  manufacturing 
process.  The  powder  analysis  revealed  some  problems  with  particulate 
impurities.  However,  as  a  result  of  the  glove  box  handling  procedures 
Instituted  for  the  in-house  processing,  there  is  reasonable  confidence  tnat 
no  further  contamination  occurred.  The  strength  gains  over  the  Vendor  II 
and  V  billets  are  very  small,  which  is  somewhat  surprising  and  certainly 
discourages  the  wldescale  application  of  such  elaborate  handling  procedures. 

Figure  21  illustrates  the  interrelationships  between  strength  and 
grain  or  flaw  size  (c  in  the  Griffith  equation)  for  the  billets  tested  in 
this  period  compared  with  three  commonly  referenced^h 7, 8  studies  on  strength/ 
grain  size  relationships  in  Al20o.  The  data  plotted  was  specific  flaw 
sizes  (or  half  length  for  subsurface  flaws)  versus  stress  level  (corrected 
for  position  from  the  tensile  surface)  and  average  strength  data  from 
specimens  where  no  flaws  larger  than  a  grain  sl7e  were  detected.  In  thin 
case  the  strength  was  plotted  versus  the  billet  grain  size.  The  average 
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strength  data  most  closely  follows  the  data  of  Spriggs  et  al.  A  I'-ne 
(dashed)  parallel  and  displaced  to  a  higher  stress  than  the  Spriggs  et  al 
line  fits  four  of  these  average  strength  points  quite  well.  The  average 
strength  for  19*+0  was  markedly  below  the  dashed  line,  but  curiously  enough 
an  extension  of  this  line  passes  through  the  point  for  1940-5.  Thi.; 
suggests  thal  *he  strength  of  billet  1940  is  controlled  by  ^*0  pin  flaws 
even  for  the  cas'^  where  flaws  were  undetected.  Consideration  of  the 
individual  data  points  1007-5  and  19C7-5  suggest  -hat  there  1;,  sotne  inherent 
strength  advantage  other  than  ,1ust  a  lower  incidence  and  size  of  flaws  for 
these  billets  over  1940.  One  possible  explanation  is  that  the  fracture 
surface  energy,  V ft  is  lower  for  1940  due  to  a  lower  grain  boundary  energy 
from  an  Impurity  argument. 


The  Griffith  relation  fot  a  penny  shaped  flaw  predicts  that  the 
fractui*e  strength,  follows  the  relation 
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where  O-f  is  the  fracture  stress,  E  the  elastic  modulus,  the  fracture 
surface  energy,  C  the  half  length  of  the  cross  section  of  the  crack,  and 
V  is  Poisson's  ratio.  For  an  elliptical  crack,  this  becomes 


2  E  Y 


(1  -  V2)  C 


for  the  plane  strain  condition. 

Alternately  the  Fetch  relation  is  of  the  form 

C3-f  =  K  ((Ty)  + 


(2j 


(3) 


where  N(a^)  Is  a  constant  related  to  the  yield  stress,  K  is  a  constant, 
and  G  is  tne  grain  size.  In  addition  to  yield  or  micro-yield  phenomena, 
Rlce9  and  Kirchner  et  al^  have  attributed  non-zero  intercepts  to  thermal 
expansion  anisotropy  and  elastic  anisotropies. 

All  of  the  strength  data  where  specific  flaw  sizes  were  detected 
and  measured  both  in  this  study  and  previous  studles^^^S  were  plotted  in 
the  Fetch  plot  shown  in  Figure  22.  gAlso  shown  is  the  best  line  for  the  hot 
pressed  AlpO^  data  of  Spriggs  et  ai  as  analyzed  by  Carniglla.^'^  Specific¬ 
ally  omitted^frora  this  plot  are  average  strength  data  since  this  requires  an 
assumption  of  flaw  size. 

When  the  data  is  treated  in  this  way,  no  break  appears  in  tne  Fetch 
plot  which  implies  that  either  equation  (l)  or  (2)  hold.  This  leads  to 
the  question  of  what  causes  the  break  in  a  Fetch  plot  when  data  ;:uch  as 
that  of  Spriggs  et  ai  are  analyzed.  It  appears  to  the  authors  that  a 
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major  cause  Is  the  Increasing  c/c.S.  ratio  with  decreasing  grain  .ize. 

At  large  grain  sizes  the  flaws  which  in  many  cases  are  inherent  to  the 
powder  employed  are  much  smaller  than  the  grain  size.  In  this  regime, 
surface  damage  to  grains  controls  C.  However,  with  reduced  thermal  cycles 
and  smaller  grain  sizes,  the  inherent  flaws  start  to  dominate.  At  first 
there  Is  competition  between  an  inherent  particulate  related  flaw  ar.d 
grain  size  related  damage.  This  results  in  some  positive  slope  to  the  Fetch 
plot  after  the  break.  As  grain  size  is  reduced  even  further  the  inherent 
flaws  dominate  and  strength  remains  constant  with  decreasing  grain  size. 
Examples  of  this  response  are  evident  in  the  recent  review  by  Cnrniglia.^^^ 


The  slope  of  the  solid  line  in  Figure 


must 
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for  equation  (1)  and 
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for  equation  (2). 
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Ucing  the  kno'wn 


value  of  E  =  59-5  x  10^  psi  (U.09  x  10^^  W/m^)  and  v  =  0.:',  the  effective 
y  can  be  calculated.  Values  of  Y  =  U.UU  j/m'-  and  10.92  j/m’  are  obtalru-d 
from  the  penny  and  elliptical  crack  solutions,  respectively. 


Collected  in  Table  VI  are  effective  surface  energies  calculated 
from  the  literature  in  a  similar  manner  to  that  shown  above,  . ome  value  i 
calculated  on  specific  bars  tested  in  dry  or  liquid  nitrogen  envirotunents, 
values  measured  directly  by  Welderhornl-^  on  single  crystals,  and  a  number 
of  investigators^^*  on  polyorystalllne  Al^O^. 

Examination  of  this  table  shows  that  the  calculated  fr  om 

Figure  22  fall  between  the  chemical  surface  energy  (*^1  j/m^)  and  the 
polycrystal  values  when  rea^  flaws  are  taken  into  account.  If  the  f 1 >ws 
are  best  approximated  as  elliptical  flaws,  the  calculated  o  ^  ccmec  very 
close  to  the  single  crystal  values  of  Weiderhorn.^^  It  is  interesting  to 
speculate  on  the  meaning  of  this  number,  particularly  since  it  is  low^ 
than  most  of  the  Yp's  calculated  for  polycrystalline  materia]^  The 
calculated  from  the  slope  of  Figure  22  probably  i-ewesents  a  for  initia¬ 
tion  rather  than  propagation.  Thus,  possibly  the  3^.  represents  the  energy 
to  propagate  a  crack  through  one  or  only  a  few  grains.  Such  a  process  may 
reflect  an  energy  closer  to  the  single  crystal  value.-,  than  bhe  polycrystal 
values  where  literally  millions  of  grains  are  either  traversed  (tranr- 
granularly)  or  circumvented  ( intergranularly).  This  view  then  postulates 
that  a  plot  of  versus  C  (instantaneous)  would  start  at  the  .single 
crystal  value  and  stay  at  this  level  for  C  G.f.  The  curve  would  then 

ir.nect  upward  and  level  off  at  a  'Yf  representative  of  the  obsei-ved  poly- 
crystalllne  values. 

There  are  at  least  two  other  explanations  for  iw  values. 

The  flaws  in  many  of  the  bars  plotted  in  Figure  22  were  apparently  associated 
with  chemical  impurities.  Grain  boundary  energies  in  the  vicinity  of  tne 
flaw  may  therefore  be  significantly  lover  from  chemical  effect;;.  C^cequently, 
the  energy  to  extend  cracks  would  be  lower,  accounting  for  the  Irv,: 

Stress  concentrations  may  also  be  associated  with  the.  flaws  plotted  in 
Figure  22.  The  presence  of  such  e  concentration  could  allow  .a  crac!.  to 
extend  more  easily  than  the  Inherent  resistance  of  the  material  would  predict, 
giving  rise  to  an  apparent  low 


table  VI 


o.ftlr.alated  and  Measured  Fracture  Surface  Energj^_s 


Data 

Test 

Condition 

Fractuj*e  Surface  Energy 
penny  Elliptical 

Data  of  Figure  22 

23°C  Ambient 

1^,44  1D»92 

1331-1 

23°C  Dry 

2.53  6.24 

1118-13 

-196°C 

9.20  22.6 

Charles  &  Shav 

23*^C  Ambient 
-196°C  Ng 

5.32  13.16 

8.90  22.2 

Weiderhorn^^ 

(single  crystal 
measured) 

23°C  Dry 

7.3  prism 

£.0  rhombohedral 

^  12 

Swanson 

(polycryatal 

measured) 

24,3  -  3  )i  O.S. 

Gutshall  &  Gross^- 
( polycrystal 
measured) 

18.2  -  10  p  G.S. 

Slmpson^^ 

(polycrystal 

measured) 

45  -  1  G.S. 
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Table  VI  Bhows  that  lower  temperatures  raise  as  expected  from 
bond  strength  considerations.  It  is  interesting  that  the  Internal  flaw  on 
samnle  1113-1  (tested  dry)  gave  only  a  slightly  higher  JT f  than  the  Figure  Fr’ 
plot,  indicating  a  small  effect  of  moisture  on  flf. 

The  observed  is  sufficiently  high,  hovrever,  that  a  back,  calcula¬ 
tion  into  equation  (2)  predicts  strengths  of  112  Kpsi,  176  Kpsi,  and  250  Kp;  i 
for  material  with  flaw  sizes  of  5  um,  2  urn,  and  1  um,  respectively.  The 
challenge  to  produce  this  material  is  clear,  and  it  is  our  desire  that  thi. 
work  has  to  some  extent  given  guidance  to  this  endeavor. 

F.  Conclusions 


1.  Of  the  four  grades  of  AI2O0  powder  employed,  only  one  did  ;ot 
contain  particulate  impurities  in  the  "as-received"  condition. 

2.  Particulate  impurity  contamination  was  significantly  reduced 
by  an  in-house  treatment. 

3.  Processed  billets  contained  two  major  defects;  large  grain 
size  zones  and  particulate  Inclusions.  The  latter  defect 
was  the  most  serious  in  limiting  strength. 

k.  Fifty  percent  of  the  fracture  could  be  traced  to  a  defect  iti 
the  material.  Flaws  could  not  be  found  at  fracture  origins 
in  bT'jt  of  the  bars  tested,  while  the  remaining  3^  could  be 
ascribed  to  a  machining  eiu'or. 

5.  A  Fetch  plot  can  have  a  non-zero  intercept  due  to  t’.ie  ii'.creas- 
ing  crack/graln  size  ratio  with  decreasing  grain  size.  Thus, 
although  micropiastlc  effects  are  acknov-’ledged  as  being 
important  In  seme  systems,  a  non-zero  intercept  should  not, 
without  examination  of  fracture  origins,  b^  considered  proof 
of  plastic  or  anisotropy  related  fracture  initiation. 

6.  Fracture  surface  energies  calculated  from  a  Griffith  relation 
where  flaw  sizes  were  known  fall  between  the  chemical  surface 
energy  and  single  crystal  fracture  surface  energy.  This  wa.^ 
thought  to  represent  a  more  realistic  value  of  the  crack 
initiation  process  than  recent  direct  measurements  on  poly- 
crystalllne  AI2O2. 

III.  PRESS  FORGING 


A.  General 


It  has  previously  been  established  that  high  density  bodies  with 
unique  properties  can  be  achieved  by  press  forging  polycrystalline  Al-0;.  ■- 
High  in-line  optical  transmissivity  can  be  obtained  as  a  result  of  nearly 
complete  pore  removal  and  strong  crystallographic  texturing.  The  textured 
structure  is  achieved  by  plastic  deformation  primarily  on  the  basal  .'.lip 
system.  This  texture  is  retained  through  primary  recrystallization. 

Porosity  distributed  throughout  the  structure  may  act  a,  preferred 


■ 


nucleatlon  sites  for  the  new  generation  of  grains  during  recrystnllizatlon. 
This  process  itself  could  absorb  porosity  or  the  structure  could  be  niore 
susceptible  to  continued  denslfication  due  to  the  nearness  of  pores  to  grain 
boundaries;  their  potential  sink.  In-line  light  transmiss.ions  of  50^  at 
0.55  y  vravelength  were  achlaved  for  the  forgeu  mati-rial  a.:  compared  with  u 
maximum  of  15^  for  the  best  randomly  oriented  pore-free  Ai2hj  available  at 
an  equivalent  thickness.  This  resulted  <’rom  the  preferred 'basa  l  texture 
eliminating  to  a  large  extent  the  light  diffraction  due  to  birefringence. 
Inverse  pole  figures  demonstrated  that  the  crystallographic  orientatioti  van 
strong  but  not  perfect.  The  mlsorientation  undoubtedly  accounts  for  the 
absence  of  even  higher  optical  transmission  figures. 


Mechanical  strength  was  the  r.econd  property  that  was  enhanced  a::  g 
a  result  of  forging.  It  was  found  that  the  strengtn  at  -196°C  and  ir'Oo^c  ^ 
was  nearly  indej)endent  of  grain  size  In  the  1-20  micron  range^t^r^.  Fracture  ^ 
strengths  in  the  1200°  to  1450®C  range  were  over^50^)  higher  than  straight  1 
hot  pressed  material  of  an  equivalent  grain  size'  However,  tliere  was  no  ^  1 
apparent  effect  of  texture  on  the  plastic  properties  between  ]47>°  -  1700°C."'  j| 


More  recently,  thin  shell  2-inch  and  i-incl*  diameter  hemisphere:: 
have  been  forged  which  retain  the  crystallographic  orientation  in  the  plane 
of  the  shell2“j6.  The  optical  transparency  ha.s  been  nearly  uniform  through¬ 
out  the  full  hemisphere  on  the  best  samples;  herwever,  regions  of  low  trans¬ 
mission  or  excessive  haze  remained  a  problem  in  many  forging.;.  During 
forging  of  the  sintered  preforms,  edge  tears  often  developed  in  the  ci;irt  of 
the  forging  and  some  of  these  extended  thi'ough  the  0.4-incii  c'r.irt  into  the 
hemispherical  portion  of  the  forging.  The  tearing  w^s  thought  to  be  caused 
by  cavitation  resulting  from  a  more  rapid  deformation  than  the  available 
mechanisms  could  accommodate  at  the  imposed  strain  rate.  Finally,  :ome 
problem  with  reaction,  possibly  involving  the  BN  parting  media,  can  be  a 
problem  at  high  forging  temperatares  and  relatively  long  timer;;  thi:; 
counters  the  improvements  in  optical  properties  which  usually  result  witli 
higher  forging  temperatures.  A  recent  series  of  experiments  indicated  that 
the  edge  tearing  could  be  eliminated  u.sing  po’.wder  preforms.' C  .However, 
these  forgings  consistently  had  Icr*  optical  transmission  which  presumably 
resulted  from  a  cembination  of  the  higher  residual  porosity  because  of  the 
short  hold  times  employed  to  eliminate  any  reaction  and  perb.apL'.  alr-o  from 
the  higher  CO  content  compared  to  the  preforms,  siptered  to  the  olo-  od  pore 
stage  in  H2  which  is  much  more  soluble  in  Al20^. 

Most  recently  it  has  been  demonstrated  that  GirjN;,  can  be  success¬ 
fully  press  forged  using  similar  techniques  as  for  Al.^0 A  crystallc- 
graphlc  texture  develops  which  Is  opposite  that  in  AloO^  in  that  the  "c" 
axis  tends  to  align  Itself  perpendicular  to  the  pre.sr.ing  directiori;  a  pro¬ 
nounced  mlcrostructural  texture  was  also  apparent.  These  preliminary 
forgings  still  had  higher  porosity  levels  than  are  usual  for  hot  pressed 
Si^N;  and  the  strengths  of  the  forged  billet  were  below  xhose  of  good  b.ct 
pressed  material.  A  2-inch  diameter  hemisphere  was  also  forged  from  u 
Si^Ng  powder  preform  demons'  -...ting  the  utility  of  forging  for  formitig 
shapes  of  Si^N^. 

B.  Raw  Materials  and  Preforms 


j 


vendor  III  99*98^  AI2O2  powder  was  used  for  the  licmisphere  forging 
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experiments.  Concentrations  between  0.015  and  0.025  weight  percent  MgO 
■./ere  added  to  an  alcohol/alumina  .slip  in  a  ball  milling  operation.  The 
dried  powder  was  isostatically  pressed  at  30  Kpsi  into  cylinders  i  inches 
.  hiameter  by  U  inches  iDng.  These  were  cut  and  shaped  in  the  green  state 
* ’intfi  circular  right  cylinders  3~inch  diameter  by  1^-inch  high  with  a  2-inch 
■•ad,  ut  cap.  Some  of  the  preforms  vrere  used  in  the  green  state  while  others 
•ere  fired  in  Hg  at  1400°  -  1450°C.  After  sintering,  the  preform  dimensions 
nr?  about  1-inch  high  with  a  dleimeter  of  2.5  inch  or  less.  The  low 
“  “  cor?  untra.tions  were  selected  to  avoid  the  spinel  second  phase  which  had 

been  observed  in  forgings  with  as  little  as  0.035^  MgO  and  which  apparently 

reduces  the  optical  transmission. 

For  the  Si^Ni.  disc  forgings,  powder  preforms  were  used  which  were 
inch  Jn  diameter  ar.d'^li  to  2  inch.  high.  These  were  made  from  a  high 
oi-Sl-,1^  perwder^  with  e.  MgO  additive  which  was  ball  milled  in  tertiary 
hutarol  ui- ing  WO  balls.  The  forging  preforms  were  made  directly  by  uni- 
a;:ia21y  ^.'Cld  pressing  uhe  dried  powder  at  7,500  psi  without  a  binder;  the 
greet!  det'sicy  was  L.53  g/cc  (43^  of  theoretical). 

C. .  Pre.-r  Forging  Procedure 

Forging  runs  were  conducted  in  an  induction  heated  75  ton  press 
u'^ing  standard  ambient  graphite  base  hot  pressing  furnace  con.;t’'uction 
techniques.  The  hemisphere  forging  die  was  constructed  from  high  strength 
hTD  Foco  graphite.  The  material  nearly  matches  the  thermal  expansion 
coefficient  of  AioO-^.  This  turns  out  to  be  an  advantage  in  die  design  as 
■i  irrensions  can  be  directly  translated.  Also,  problems  of  specimen/die 
thermaJ.ly  induced  cool  down  constraints  are  -reatly  minimized  using  Poco 
graphite.  The  die  was  designed  to  produce  t  1.52-inch  radius  hemispherical 
cap  end  v.'itb  a  O.'r-lnch  high  8°  tapered  cylindrical  skirt.  A  pinned  top 
ATJ  punch  was  us:  a  which  allowed  ^’ot  extraction  of  the  male  die.  The  boron 
nitride  die  lubricant  was  sprayed  or  painted  directly  onto  the  graphite, 
.‘■■nblert  atmo.  phere  forgings  were  employed  which  meant  that  at  the  forging 
rem^jerature  the  atn  osphere  was  predominantly  CO  with  a  pai’tial  pressure  of 
20.,.  A,  and  M.,.  The  argon  perraei  tsd  into  the  cavity  from  the  sight  tube 
where  it  was  employed  as  a  sight  tube  flush. 

The  die  assembly  was  heated  to  the  forging  temperature  in  about 
.iJO  minutes.  The  ram  travel  was  Initiated  and  driven  by  a  manual  strain 
rate  control.  The  strain  rate  during  the  rapid  deflection  regime  v/an 
controlled  to  teU'een  2  x  10"^  sec"^  and  1  x  10"3  sec"^  by  continually 
changing  the  deflection  rate.  This  represents  the  best  present  estimate 
of  acceptable  strain  rate  in  the  iSpO'C  range.  Once  maximum  pressure 
was  reached,  the  deflection  rate  slowed  down  as  forging  and  densif ication 
came  to  a  conclusion.  After  measurable  deflection  ceased,  the  temperature 
was  reduced  from  l875°C  to  l025*^C  and  the  billets  were  held  for  2  to  3 
hours  to  achieve  additional  densif ication  which  in  the  final  stage  takes 
place  by  diffusion;  there  is  some  e-vldence  tha^t  an  additional  rccryctalll  .a- 
tior.  may  taxe  place  during  this  perlod;^"^  the  reduced,  temperature  wa;  u.  ed 
‘o  pre-/ent  surra  reaction  and  sticking  during  the  long  hold  time  .  Upon 

ompletlon  of  the  un,  pressure  was  reduced  and  the  male  punch  retracted 
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before  cooling. 

The  upset  forgings  were  done  in  a  3-inch  graphite  die  with 

flat  punches.  To  prevent  reaction  and  sticking,  the  punch  faces  were 
coated  with  a  layer  of  BN  or  with  a  O.OiO  thick  piece  of  Mo  foil  which  was 
then  coated  with  BN.  Initial  pressure  for  all  these  forgings  was  applied 
at  1650  or  1705°C  with  a  target  strain  rate  of  about  3  x  10“4  sec“i;  heat¬ 
ing  to  the  final  temperature  was  continued  during  the  early  part  of  the 
forging,  and  when  full  pressure  was  achieved  the  piece  was  held  for  1-2 
hours  to  achieve  further  densiflcation.  At  the  pressures  employed,  the 
pieces  typically  flow  out  until  they  contact  the  die  wall,  but  complete 
corner  fill  is  not  achieved. 


D.  Textural  Analysis 

The  texture  or  degree  of  crystallographic  orientation  in  forged 
materials  is  best  determined  by  X-ray  diffraction  techniques.  Such  informa¬ 
tion,  of  course,  is  of  great  benefit  in  the  interpretation  of  the  forging 
studies.  Texture  is  completely  described  by  the  construction  of  a  pole 
figure  which  shows  the  distribution  of  the  orientations  of  the  various 
crystallographic  axes  of  the  individual  crystallites  in  the  pclycrystalline 
body  relative  to  the  axes  of  the  forging  process.  However,  for  the  purpose 
of  evaluating  relative  degrees  of  orientation,  a  simpler  system  was  devised 
which  is  used  on  3/y~lnch  square  specimens  taken  from  forged  billets. 

The  diffraction  pattern  of  a  random  (powder)  sample  was  obtained. 
Values  of  f^  (Ihkl)  normalised  intensities  defined  by  the  relation 


fodhki)  - 


h,k,i 


I(hkl) 


were  calculated  for  each  of  a  number  of  reflections  from  planes  at  various 
angular  orientations  with  respect  to  the  basal  plane. 

Similarly,  values  f(lhkl)  were  calculated  from  the  diffraction 
pattern  of  a  flat  ground  surface  on  a  forged  specimen.  The  ratios  of  the 
normalized  intensities  for  the  respective  reflections  R(lhkl)  =  ^’(ihkl) 

f’odhkl ) 

which  give  the  relative  intensity  of  reflection  are  calculated  and  plotted 
against  the  angle  0  between  the  planes  (hkl)  and  the  basal  plane. 

In  the  case  of  a  randan  powder  sample,  R  has  the  constant  value 
of  unity  over  the  entire  0  range.  In  the  case  of  a  perfectly  oriented 
sample,  R  is  zero  everywhere  except  at  0  =  0  where  it  has  some  large  finite 
value.  In  the  case  of  a  distribution  of  orientation,  in  general,  R  will 
decrease  monotonically  from  0  =  0  to  0  =  90°.  The  better  the  crystallites 
are  aligned,  the  higher  the  intercept  at  0  =  0  and  the  steeper  the  drop 
with  increasing  0. 

E.  AloOo  Hemisphere  Forging  Results 

The  -12,03  forging  experiments  are  listed  chronologically  in 
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Table  VII.  The  principle  objective  for  this  group  wes  to  eliminate  the 
cracking  and  reaction  problems  which  had  troubled  previous  forgings  and 
still  achieve  good  die  fill  and  density  in  order  to  obtain  useful  optical 
properties. 

The  first  run,  1956,  utilized  a  powder  preform  in  order  to  minimize 
rim  cracks.  One  of  the  main  objectives  of  this  rim  was  to  raise  the  level 
of  transparency  in  a  hemisphere  forged  in  this  manner.  Limited  success  was 
achieved  in  that  approximately  of  the  arc  was  very  translucent  and 
another  50°  exhibited  some  translucency.  The  process  adjustment  which 
accounts  for  this  improvement  compared  to  earlier  forgings  of  powder  preforms 
is  the  long  soak  time  at  1825°C.  Pore  removal  at  this  point  in  the  process 
is  a  result  of  dlffusional  processes  as  opposed  to  action  resulting  from 
plastic  deformation  occurring  earlier  in  the  cycle.  A  long  circumferential 
crack  projected  over  the  apex  on  the  outer  surface.  The  crack  was  healed, 
however,  as  there  was  no  evidence  of  the  crack  when  the  sample  was  viewed 
from  the  back.  Thus,  it  appears  that  the  crack  formed  early  in  the  cycle 
and  largely  healed  during  tne  subsequent  forging  and  denslflcatior.  steps. 

It  is  uncertain  how  deep  the  crack  or  damage  from  the  crack  extends.  In 
all  likelihood  BN  from  the  die  wall  has  beccme  entrapped  in  the  structure 
as  was  noticed  on  a  run  several  years  ago.^^  Therefore,  this  condition 
must  be  avoided.  The  rim  crack  was  well  within  tolerable  limits  as  it  did 
not  come  close  to  extending  into  what  would  be  considered  the  full  hemispher¬ 
ical  shell.  The  control  of  rim  cracks  has  been  the  main  benefit  from 
employing  cold  pressed  preforms.  Apparently  the  porosity  allows  a  greater 
degree  of  accommodation  during  forging  than  is  available  in  dense  material. 

The  next  two  runs,  1975  and  1986,  both  used  preforms  which  were 
pre-slntered  to  8l  and  of  theoretical,  respectively;  at  this  stage 
the  porosity  is  still  open.  For  1975  the  pressure  was  initially  applied 
at  1765°C  while  heating  to  the  l875°C  forging  temperature.  Both  pieces 
were  crack  free,  as  can  be  seen  in  Figure  23  which  shows  the  as-forged 
hemisphere,  I986,  and  both  pieces  were  free  of  reaction  or  sticking.  Both 
had  a  high  translucency  over  about  the  center  60°  of  arc  wltli  lower  trans¬ 
lucency  away  from  the  apex  region;  1975  appeared  somewhat  more  translucent 
than  1986.  These  forgings  demonstrate  that  the  careful  strain  rate  control 
can  provide  souid  forgings  without  either  rim  or  apex  cracks  in  initially 
porous  preforms.  The  extended  hold  times  at  slightly  reduced  temperature 
wer«  at  least  partially  successful  in  providing  Increased  densification 
and  optical  transmission,  while  eliminating  reaction  or  sticking. 

An  additional  annealing  experiment  was  done  on  a  previous 
hemisphere,  I838,  which  had  been  made  from  a  preform  sintered  to  98.5^  in 
H2‘  a  piece  was  cut  from  the  apex  which  had  a  density  of  3-9*+  g/cc 
(compared  to  3.85  g/cc  for  the  entire  hemisphere);  the  piece  was  annealed 
in  vacuo  at  l850°C  for  18  hrs.  After  annealing  the  density  was  3*89  c/cc 
{91.Gio),  and  in  a  region  along  the  inner  diameter  covering  about  one  third 
of  the  thickness  the  piece  had  changed  from  translucent  to  an  opaque  white. 
Although  to  similar  loss  in  density  during  annealing  without  pressure  was 
previously  seen  on  a  hemisphere  made  from  a  powder  preform, '^8  it  had  not 
been  expected  in  this  case  since  the  preform  presumably  had  Hp  rather  than 
CO  in  the  residual  pores  and  H2  has  a  sufficiently  higher  solubility  and 
diffusivity  to  allow  sintering  to  theoretical  density  in  it. 15  An  examination 
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Figure  23.  Forging  I966  from  a  presintered  preform  illustrating  elimination 
of  rim  and  apex  cracks  and  reaction. 
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of  the  mlerostructure  showed  large,  rounded  pores  as  would  be  expected  from  | 

a  uniform  pore  coarsening  and  resultant  bloating.  However,  two  distinct  | 

regions  could  be  seen  in  the  specimen;  near  the  inner  face  there  was  much  | 

more  porosity  than  in  the  remainder  of  the  cross  section  as  shown  in  i 

Figure  2U;  in  addition,  there  were  a  few  bloating  .cracks  in  this  high  j 

porosity  region.  The  cause  of  this  is  not  fully  understood,  but  it  may  1 

indicate  that  early  in  the  forging  cracking  occurs  in  some  regions  of  the  j 

sample  which  is  sufficient  to  allow  introduction  of  CO  Into  the  pores.  I 

This  CO  would  then  cause  high  gas  pressure  in  the  subsequently  sintered  * 

pores  which  would  lead  to  bloating  during  annealing  without  an  applied 
pressure.  Near  the  outer  surface,  occasional  patches  of  grains  larger  than 
200  u  were  occasionally  found  which  arc  probably  detrimental  to  the 
mechanical  properties. 

F.  Sl^N^  Forging  Results 

I 

The  Sl^Ni^  forgings  are  listed  In  Table  VTII.  All  three  v:ere  j 

largely  successful  in  that  there  was  little  or  no  crac’'lng  or  sticking.  i 

There  was,  however,  seme  edge  cracking  in  two  of  the  billets  which  has  been  ! 

a  cenmon  occurrence  in  forgings  of  Al20^.  ( 

The  first  forging,  1905,  utilized  only  ^  MgO  denstfication  aid.  1 

Normally  from  l-4']{i  MgO  is  added,  but  a  related  program*®  established  that  ! 

98^  of  theoretical  density  could  be  achieved  with  only  MgO.  Further,  j 

it  was  shown  that  the  high  temperature  bend  strength  is  Improved  slightly 
at  the  lower  concentration  of  MgO.  This  is  thought  to  be  related  to  a 
reduction  in  the  amount  of  magnesium  silicate  grain  boundary  phase.  This 
is  important  since  the  high  temperature  mechanical  properties  of  hot  pressed 
Si^N^  are  strongly  Influenced,  if  not  controlled,  by  the  grain  boundary 
phase.  This  billet  exhibited  limited  rim  cracking  and  an  overall  density 
of  95.8^  of  theoretical.  A  piece  from  the  center  measured  99*T')t  of  theoret¬ 
ical  density  indicating  the  presence  of  a  low  density  rim  which  was  confirmed 
by  a  mlcrostructural  examination  shown  in  Figure  25-  Also  shown  in  this 
micrograph  is  interpenetration  and  reaction  between  Sl^N^  and  what  is 
assumed  to  be  BN  or  a  related  phase;  as  long  as  such  penetration  is  restricted 
to  surface  layers  which  can  be  removed  by  machining,  it  may  be  tolerable. 

The  as-polished  structure  representative  of  the  billets '  interior  is  shown 
in  Figure  26.  The  high  density  is  confirmed  by  the  micrographs.  Also 
shown  is  a  high  reflectivity  phase  which  is  thought  to  be  either  FeSl  or 
Fe^Si.  This  phase  is  present  in  the  AME  high  o<.-51^N^  powder  and  is  commoti 
to  most  1.  •  pressed  Si^N^. 

The  next  two  billets  had  a  U-jfc  MgO  additive.  There  was  reduced 
edge  cracking  suggesting  greater  ductility  results  from  the  Increased  MgO, 
presumably  as  a  result  of  an  increased  mass  transport  in  a  thicker  grain 
boundary  phase.  The  second  of  the  two,  1973,  was  done  at  a  higher  forging 
temperat'ore,  1865°C,  which  resulted  in  a  further  increase  in  ductility 
manifest  by  an  elimination  of  edge  cracks;  this  billet  also  had  a  slightly 
higher  density,  99*1'5^,  compared  to  98.716  for  1972.  The  porosity  in  billot 
1872  was  not  uniformly  distributed,  but  Instead,  as  seen  in  Figure  27, 
was  in  patches  of  coarse  pores  which  are  undesirable  for  strength  consider¬ 
ations.  The  pores  tended  to  be  aligned  in  rows;  however,  these  were  not 
necessarily  aligned  normal  to  the  forging  direction.  The  origin  of  these 
Is  not  certain;  however,  it  is  possible  that  they  are  a  result  of  cracking 
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Figure  2k,  Mici'ostructure  of  vacuum  annealed  piece  of  hemisphere 
1838  showing  coarse^  partially  spherodized  porosity 
and  two  distinct  regions  with  different  porosity  levels. 
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"The  time  in  parenthesis  is  the  total  time  at  temperature,  whereas  the  first  time  is'  that  at  full 
pressure  and  temperature. 
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Figure  25-  Rim  Section  of  Forged  Billet  D1905  Showing 

Moderate  Porosity  and  Interpenetration  of  BN  or  Related 
Phase. 


of  the  powder  preform  early  In  forging,  or  perhaps  that  they  represent 
density  variations  remaining  from  the  cold  pressing.  This  porosity  distrlbu 
tlon  is  not  observed  in  the  hot  pressed  material. 

X-ray  diffraction  analysis  of  billet  19^)5  revealed  that  ^-Si^N^  was 
the  major  phase.  One  weak  dlffiraction  line  was  present  indicating 

a  trace  (l-5^)  concentration.  No  aif fraction  lines  were  observed  for  the 
FeSl  or  related  phase  shown  uetallographically  in  Figure  26.  A  lineal  analy 
sis  was  performed  on  the  meta 11 ©graphic  section  with  the  result  that  j-U 
vol.  FeSi  (or  related  phase)  was  measured.  This  result  is  consistent 
with  not  finding  this  phase  by  X-ray  analysis.  An  Inverse  pole  figure 
orientation  analysis  was  also  performed.  The  results  are  shown  graphically 
in  Figure  28.  The  results  are  similar  to  those  previously  reported  in  terms 
of  the  orientation  observed  relative  to  the  pressing  direction  ("c"  axis 
normal  to  the  pressing  direction).^®  The  degree  of  crystallographic  orienta 
tion  is  somewhat  higher  than  previously  reported  for  a  billet  forged  similar 
amount,  but  at  slightly  higher  pressure  and  lower  temperature. 

Flexural  strengths  at  room  and  elevated  temperature  were  measured 
on  billets  1905  and  1972.  The  tests  were  In  4  point  bend  using  quarter 
point  loading  with  a  0.050  x  0.100-lnch  cross-section  and  a  0.750-ir.ch  outer 
knife  edge  span.  The  high  temperature  tests  were  in  argon  and  all  wei-e  at  a 
loading  rate  of  about  3  ^  10^  psi/sec.  A  few  Charpy  impact  tests  were  also 
done  on  bars  with  a  0.250  x  0.250-lnch  cross  section  to  compare  with  results 
on  hot  pressed  Si3N^  from  another  program.^®  The  strengths,  shown  in  Table 
IX,  were  better  for  billet  1905  than  1972.  The  superior  low  temperature 
strengths  would  be  expected  from  the  lower  porosity  and  the  better  high 
temperature  strengths  both  from  lower  porosity  and  lower  MgO  content.  The 
strengths  for  1905  indicated  higher  scatter  than  would  be  expected  for  good 
hot  pressed  material,  suggesting  there  may  be  flaws  from  forging  which  can 
be  eliminated  to  improve  properties.  The  best  strengths  from  1905  are 
perhaps  comparable  with  those  from  good  hot  pressed  material.  The  impact 
strengths  In  the  range  of  3  to  4  in-lb  are  also  comparable  with  those  from 
hot  pressed  the  value  of  7  In-lb  Is  the  highest  reported  on  any 

and  so  may  indicate  some  promise  for  improved  properties  result¬ 
ing  from  the  strong  ralcrostructural  texture  which  may  be  expected  to 
contribute  to  a  higher  fracture  surface  energy. 

G .  Conclusl  sns 

1.  Reduced  cracking  and  reaction  with  increased  optical  trans¬ 
mission  In  forged  AlgO^  hemispheres  using  porous  preforms 
could  be  achieved  using  careful  strain  rate  control  and  a 
lower  temperature  annealing  under  pressure. 

2.  Forging  of  Si^Nj^  can  be  used  to  produce  crack-free  bodies 
of  good  density.  This  process  may  be  useful  for  producing 
shapes  with  strengths  comparable  to  those  achievable  In  high 
quality  hot  pressed  bodies. 

3.  A  strong  crystallographic  texture,  with  "c"  axis  perpendicu¬ 
lar  to  the  forging  direction,  results  from  forging 
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U.  Problems  of  nca-uniform  distribution  of  residual  porosity 
remains  in  forged  Sl3Nj^.  Elimination  of  these  large  pores 
would  undoubtedly  be  helpful  in  Improving  the  strength  of 
forged  Sl^Nj^. 

IV.  volatile  species  in  hot  pressed  AI2O3 
A.  General 

Upon  heat  treatment,  without  pressure,  hot  pressed  materials 
normally  lose  weight  and  density  and  in  some  cases  the  density  loss  may 
be  quite  high  and  accompanied  by  crack  formation  as  well  as  pore  coarsening. 
This  has  been  attributed  to  expansion  of  gases  trapped  in  pores  and  to  the 
development  of  gases  due  to  decomposition  or  reaction  of  chemical  species 
in  the  annealing  atmosphere.  In  some  cases,  i'esidual  molecules  such  as 
OH",  S0^"2,  CO-j"  from  incomplete  powder  calcining  and  subsequent  powder 
handling  are  thought  to  be  the  source  of  the  gaseous  products.  Experience 
has  sho'wn  that  such  problems  can  result  both  from  vacuum  and  ambient  hot 
pressing.  In  addition  to  inhibiting  final  denslf ication  or  causing  subseq¬ 
uent  bloating,  these  gaseous  impurities  can  cause  reduction  of  optical 
transparency,  reduction  of  low  temperature  strength  and  reduction  of  high 
temperature  strength  and  ductility.  Consequently,  this  program  h~£  been 
concerned  with  understanding  the  gas/pore/property  relationships  in  hot 
pressed  Al20^. 

Recently'®,  mass  spectrographic  studies  of  several  hot  pressed 
AlpOn  bodies  revealed  that  significant  evolution  of  CO  occurs  on  vacuum 
annealing.  Further,  in  some  cases,  significant  evolution  of  Al(g)  and 
Al20^g)  was  observed  at  much  lower  temperatures  than  normally  expected. 
Thls'was  Interpreted  as  indicating  the  presence  of  free  carbon  in  the  hot 
pressed  A' 2^3  resulting  in  reduction  of  the  AI2O2  by  the  reaction: 

2Al203(g)  ^  ►  ^l2°(g)  ^  2Al(g)  +  5  CO(g) 

This  conclusion  was  supported  by  the  fact  that  chemical  analysis  has 
indicated  carbon  contents  in  hot  pressed  AlgO^  to  typically  be  in  the 
range  of  100-500  ppra.^*^'^*^  This  is  several  orders  of  magnitude  higher 
than  can  be  attributed  to  CO  entrapped  in  the  pores  from  the  hot  pressing 
atmosphere.  Therefore,  significant  additional  carbon  may  be  picked  up 
from  the  hot  pressing  C-'.js,  There  is  no  data  on  the  solubility  of  C  in 
Al20^  so  it  is  not  possible  to  know  whether  the  carbon  found  is  in  the 
range  expected  for  equilibrium  solubility  under  the  hot  pressing  conditions 
or  whether  it  represents  additional  pickup  from  physical  mixing,  surface 
contamination  on  the  powder,  or  gas  transport  and  deposition  of  carbon 
during  heating. 

Therefore,  it  is  of  interest  to  measure  the  solubility  of  carbon 
ii.  AI2O2.  This  must  be  done  without  fcnnation  of  Alj^C3,  AlpOC,  or  Al^O^C. 
Therefore,  to  avoid  direct  contact  with  carbon  which  could,  lead  to  forma¬ 
tion  of  these  compounds^^,  the  carbon  content  was  determined  after  anneal¬ 
ing  in  CO  or  CO2;  the  use  of  both  gases  was  expected  to  further  indicate 
whether  there  Is  a  significant  effect  of  the  oxygen  pressure  on  the  carbon 
solubility;  such  an  effect  may  be  anticipated  since  the  equilibrium  defect 
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content  Is  changed  from  metal  deficient  to  oxygen  deficient  over  the 
resultant  range  of  Po2* 

B.  Experimental 

To  minimize  confusion  from  formation  of  carbides  of  impurity 
cations  and  to  minimize  diffusion  times  a  high  purity,  cubmicron  AlgO^ 
powder  was  used.*  For  all  runs  the  powder  was  annealed  for  16  hrs.  at 
about  1200 in  a  0.25  atm  of  flowing  CO2  prior  to  the  actual  anneal; 
this  pretreatment  should  be  sufficient  to  convert  all  of  the  residual 
powder  to  Ot-Al202,  to  remove  residual  gaseous  impurities,  and  to  burn 
out  any  initial  carbonaceous  impurities. 

The  annealings  were  done  in  a  flowing  atmosphere  in  a  tube  furnace. 
A  double  AI2O0  tube  furnace  was  used;  the  furnace  was  a  Mo  wound  resistance 
furnace  with  Hg  around  the  windings  and  between  the  two  tubes.  A  sealed 
deli'/ery  and  exit  system  was  connected  to  the  inner  tube  so  that  it  could 
be  evacuated  prior  to  the  runs.  The  gas  delivery  system  allowed  mixing  of 
CO,  C02*t  afid  At  to  obtain  the  desii^d  atmospheres;  during  the  runs  the 
pressure  was  maintained  at  1  atm  with  a  10  cfph  flow  rate.  The  gases  were 
passed  over  "Drlerlte”  to  remove  excess  water  and  the  CO  v?as  passed  over 
activated  charcoal  to  remove  any  iron  carbonyl.  Heating  was  done  under  a 
mixture  of  75^  Ar  and  25^  CO2.  After  the  temperature  was  stabilized,  the 
desirt'd  gas  mixture  was  introduced  and  the  samples  were  held  for  hours. 
Annealings  were  done  at  l600°  and  1700°C;  these  temperatures  were  selected 
after  an  initial  run  at  1700°C  to  obtain  high  enough  carbon  concentrations 
to  allow  satisfactor'y  chemical  analysis.  Runs  were  made  in  pure  CO  or  CO2 
and  in  mixtures  of  75^  At  -  25^  CO  and  75*^  Ar  -  25^&  CO2  tc  determine  the 
pressure  dependence  of  the  solubility.  The  runs  with  CO2  were  cooled  in 
the  annealing  mixture;  for  runs  with  CO  the  mixture  was  changed  to  Ar  and 
CO2  below  1200°C  to  prevent  contamination  by  CO  decomposition.  Cooling  to 
below  1200°C  took  less  than  2  hours. 

^or  each  run  a  batch  of  about  1  gram  of  powder  was  held  in  an  Al20^ 
boat.  The  powder  was  not  packed  in  order  to  minimize  sintering  during  the 
runs  and  tc  maximize  gas  permeability.  After  the  runs,  fie  powder  was 
slightly  sin':ered  but  could  easily  be  broken  up.  The  chemical  analysis 
was  done  by  a  standard  fusion  technique  to  meas’ire  the  carbon  content***. 
Typically,  the  powder  was  divided  in  half  and  two  determinations  were  made. 

C.  Results 


The  carbon  contents  measured  for  each  sample  are  reported  in 
Table  X.  For  se-veral  samples  the  variability  between  the  two  measurements 
was  unexpectedly  high;  both  values  are  given  below  the  averages.  For  all 
cases  the  carbon  contents  were  between  20  and  90  ppm.  Determination  of  ITBS 


*Batch  B2335  Johnson-Matthey,  Grade  2  AI2O3.  This  is  similar  to  the  powder 
previously  used  for  high  purity  AlgO^  fabrication.  Supplier  reported 
purity  for  the  pi'evious  lot  was  99 ’9993%  AI2O-;  however,  spark  sourc^^ 
mass  spectrographic  analysis  indicated  about  40  ppm  cation  impurity. 

**The  CO  was  99.5^t  pure,  the  CO2  99.8^  pure  -  suppliers  reported  purity. 

**-*The  chemical  analyses  were  done  by  M  f . ,  Central  Analytic  Facility. 
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standards  Indicated  reproducibility  to  be  within  a  few  ppm,  so  the  differ¬ 
ences  are  apparently  significant.  It  can  be  seen  that  the  solubility  in 
CO  may  be  slightly  higher,  but  is  not  significantly  different.  In  all 
cases,  the  apparent  solubility  was  higher  at  0.25  atm  than  at  1  atm  of  CO 
or  COg,  which  is  opposite  that  expected.  Further,  the  solubilities  were 
apparently  higher  at  l600°C  than  1700®C  for  the  CO2  which  is  also  opposite 
that  expected  if  a  defect  such  as  an  interstitial  or  compensating  vacancy 
must  be  formed  in  the  AlgO^  lattice. 

The  cause  of  the  variability  is  not  presently  known.  There  is  no 
data  for  diffusivity  of  C  in  A120.3  so  it  cannot  be  known  for  certain  whether 
incomplete  diffusion  could  be  the^cause.  Since  the  variability  was  on  a 
gross  scale.  It  may  Indicate  that  the  gas  diffusion  through  the  powder  was 
limiting;  if  so,  longer  annealing  times  will  be  troubled  by  further  sinter¬ 
ing  which  will  further  reduce  permeability  to  gas  and  result  in  particle 
coarsening  which  Increases  the  solid  diffusion  distances.  Several  of  the 
cation  Impurities,  l.e..  Si,  Cr,  Ti,  and  Fe  could  fom  carbides,  particularly 
in  CO;  however,  the  total  amount  of  these  present  would  only  account  for  a 
fey  ppm  of  C. 

The  inverse  pressure  dependence  would  suggest  formation  of  AI2OC  if 
free  carbon  were  present.  However,  oxycarbide  formatl from  the  gases 
would  have  to  go  by  one  of  the  reactions: 

AI2O2  +  4C0  -■  »,  AI2OC  +  3CO2 

or 

^^2^3  CO2  ■  -  ^  AI2OC  +  2O2 

21 

The  available  thermodynamic  data  indicates  neither  reaction  should 
occur  under  any  of  the  auineallng  conditjons. 

Although  the  solubility  data  are  not  entirely  satisfactory,  they  do 
allow  some  Inferences  regarding  the  origin  of  carbon  found  in  hot  pressed 
AI2O,.  During  hot  pressing  the  gas  diffusion  distances  are  larger  and  the 
times  at  temperature,  before  pore  closure,  are  shorter  than  used  here, 

60  that  pickup  of  carbon  to  levels  in  excess  of  100  ppm  indicates  that 
carbon  is  present  in  excess  of  the  solubility  limit  for  CO.  The  value  of 
80  ppm  measured  in  a  \'acuum  hot  pressed  sample  of  similar  high,  purity 
powder  may  be  close  to  the  equilibrium  solubility  expected  for  the 
particular  hot  pressing  conditions.  Additional  work  is  required  to  resolve 
the  uncertainties  indicated  here  and  to  allow  inference  as  to  the  state  of 
CO  or  CO2  dissolved  In  kl20y 

D.  Conclusions 

1.  Carbon  contents  of  AlpOq  powder  annealed  at  l600*^  -  1700*^C 
In  CO  and  CO2  were  in  the  range  of  26~jk  ppm  by  weight. 

The  variability  within  samples  Indicates  these  may  only  be 
approximate  indications  of  the  actual  solubility  of  C  for 
these  conditions . 
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2.  This  carbon  content  is  below  that  typically  measured  in 

not  pressed  Al20^  billets  and  so  is  compatible  with  the  view 
that  after  hot  pressing  there  is  significant  carbon  present 
beyond  that  associated  with  gas  solubility. 
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